
INTRODUCTION 

Some t i m e  a g o  it was e s t a b l i s h e d  t h a t ,  as  a s o l i d ,  m i c r o p o r o u s  
m a t e r i a l ,  c o a l  behaves as a molecular  s i e v e  (l), i.e. it d i s c r i m i n a t e s  
among molecules  d i f f u s i n g  i n t o  t h e  p o r e  system on t h e  b a s i s  of s i z e ,  
s h a p e ,  and f u n c t i o n a l i t y .  I t  seems t o  u s  t h a t  t h e  p r o c e s s  by which 
s o l v e n t  molecules  p e n e t r a t e  t h e  s o l i d  c o a l  m a t r i x  should be s i m i l a r l y  
s e l e c t i v e .  The i n v e s t i g a t i o n  of s u c h  phenomena i s  i m p o r t a n t ,  n o t  only 
from t h e  p e r s p e c t i v e  of unders tanding  t h e  a c c e s s i b i l i t y  of chemical  
a g e n t s  t o  s i t e s  w i t h i n  t h e  c o a l  m a t r i x  ( 2 1 ,  b u t  f o r  t h e  r a t i o n a l  
des ign  of chemica l  convers ion  processes .  

Recent ly ,  w e  developed a new method f o r  a c c u r a t e l y  measuring both 
t h e  dynamic  and e q u i l i b r i u m  s o l v e n t  s w e l l i n g  b e h a v i o r  o f  c o a l  ( 3 ) .  
Here, we r e p o r t  t h e  i n i t i a l  a p p l i c a t i o n  o f  t h e s e  t e c h n i q u e s  t o  t h e  
i n v e s t i g a t i o n  o f  a c c e s s i b i l i t y  phenomena. From t h i s  s t u d y ,  which 
examines t h e  s te r ic  i n t e r a c t i o n s  between s o l v e n t  and c o a l ,  w e  expec t  
t o  o b t a i n  a b e t t e r  u n d e r s t a n d i n g  of  t h e  mechanism by w h i c h  c h e m i c a l  
agents  p e n e t r a t e  t h e  c o a l  matr ix .  

EXPERIMENTAL 

The s w e l l i n g  m e a s u r e m e n t s  were c a r r i e d  o u t  a s  d e s c r i b e d  i n  t h e  
p r e v i o u s  p a p e r  ( 3 ) ;  and t h e  i n i t i a l  s w e l l i n g  r a t e s  w e r e  d e t e r m i n e d  
g r a p h i c a l l y .  A l l  c o a l s  u s e d  i n  t h e s e  s t u d i e s  were f r o m  t h e  Ames 
L a b o r a t o r y  C o a l  L i b r a r y .  P r i o r  t o  u s e ,  t h e  c o a l s  w e r e  g r o u n d ,  s i z e d  
t o  1 0 0  x 200 mesh, and d r i e d  a t  llO°C o v e r n i g h t  under vacuum. Except 
f o r  c o m m e r c i a l  "Gold L a b e l  Grade" r e a g e n t s  ( A l d r i c h  Co.) which  were 
used w i t h o u t  f u r t h e r  p u r i f i c a t i o n ,  s o l v e n t s  were d i s t i l l e d  by o r d i n a r y  
procedures  b e f o r e  use. 

RESULTS AND DISCUSSION 

S w e l l i n s  o f  I l l i n o i s  N o .  6 Coal i n  Hydrocarbon S o l v e n t s  

The s w e l l i n g  d a t a  obta ined  w i t h  hydrocarbon s o l v e n t s  a r e  shown i n  
T a b l e  I. T h e r e  a p p a r e n t l y  i s  no s i m p l e  r e l a t i o n s h i p  b e t w e e n  t h e  
i n i t i a l  s w e l l i n g  r a t e ,  Vi, and t h e  e q u i l i b r i u m  s w e l l i n g  r a t i o ,  Q,  f o r  
t h i s  ser ies  of s o l v e n t s .  N e i t h e r  i s  t h e r e  a n  o b v i o u s  r e l a t i o n s h i p  
between v i s c o s i t y  and s w e l l i n g  behavior .  However, w i t h  t h e  except ion  
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Table I. Swelling Behavior of Illinois No. 6 Coal in Hydrocarbonsa 

n2 0 
b 

Q "Ret Hydrocarbon 

1.04 1. ooc 0.65 

1.06 0.40 0.59 

CH3 
3c aEt 
(ypr 
H3vH3 

1.06 1.18 0.65 

4.00 0.69 -- 

I 
CH, 

_1 

a. 100-200 mesh, measured at 21.OoC 
b. Rate Retardat'on Fac or: Vi(benzene)/Vi(hydrocarbon) 
c. vi = 2.73x10-' min.-' 

I 

of toluene which initially swells about 2.5 times as fast as benzene, 
the sharp decrease in Vi from benzene to mesitylene suggests that 
there is a steric component to the rate constant for solvent penetra- 
tion of the coal matrix. 

Solvent Swelling Behavior of Illnois No. 6 Coal in Alcohols 

The initial swelling rates (Vi) and equilibrium swelling ratios 
(Q) were measured for C1 through C4 alcohols, and the results are 
summarized in Table 11. Except for methanol, Q-values for the un- 
branched primary alcohols were almost identical, while, with increa- 
sing chain length, a twelve-fold decrease in initial swelling rates 
was noted for this series. Although the latter behavior is consistent 
with that predicted on the basis of steric considerations, it is also 
consistent with the trend in solvent viscosities. 

However, comparison of the initial swelling rates of n-propyl and 
isopropyl alcohol reveals a rate retardation factor (VRet) of 4 for 
the branched isomer despite almost identical viscosities. Similar 
behavior is exhibited by the butyl alcohol series: compared to E-butyl 
alcohol, the initial swelling rates of isobutyl and E-butyl alcohol 
are retarded by factors of 9 and 40,  respectively. These large ef- 
fects cannot be rationalized on the basis of viscosities. 
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Table 11. Swelling Behavior of Illinois No. 6 Coal in Alcoholsa 

Alcohol 

UeOH 
EtOH 
- n-PrOH 
i-PrOE 
n-BuOH 
i-BuOH 
- S-BuOE 

- 
- 
- 

Q 

1.23 
1.34 
1.36 

1.34 
-- 
-- -- 

n 20 b 
"Ret 

1. O O C  0.60 
1.92 1.2 
3.96 2.3 

14.18 2.3 
12.17 2.9 
103.4 4.2 
499.0 3.9 

a. 100-200 mesh, measured at 2O.O0C 
b. Rate Retardat'on Fac or: Vi (methanol) /Vi(alcohol) 
c. Vi = 3.18~10-' min.-' 

Solvent Swelling Behavior Of Illinois No. 6 Coal in Amines 

The swelling behavior of Illinois No. 6 Coal in various aliphatic 
amines was also examined. Once again, we can ascertain no significant 
differences among the Q-values for the entire series of amines. On the 
other hand, initial swelling rates for this series vary over a range 
of lo6 and provide an unambiguous basis for establishing.the impor- 
tance of steric requirements. In fact, the evidence is so compelling 
that the results are simply reported, with minimum discussion, in 
Tables 111-VI. 

Table 111. Swelling Behavior in Primary Amines.a Effect of 
Chain Length. 

Structure Q vRetb 
CH3CB2CH2NE2 2.45 1. ooc 

2.64 2.05 

CH3 (CE2 1 4CB2NH2 2.19 9.31 

a. Illincis No. 6 Coal (100 x 200 mesh), measured at 21.OoC 
b. Rate Retardatio Factozi Vi("-Propylamine) /Vi (amine) 
C. Vi = 5.86 x lo-' min. 

Table IV. Swelling Behavior in Primary Butyl Amines.a Effect of 
Chain Branchinq 

b 
Q VRet 

CH3 (CBz) 2CH2NH2 2.64 1.00 

(CE3 1 2CHCB2NH2 2.46 4.38 

Structure 

(CH3) 3CNE2 1.95 732 

a. Illinois No. 6 Coal (100 x 200 mesh), measured at 21.0°C 
b. Rate Retardation Factor: Vi(n-Butylamine)/Vi(amine) 
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Table V. Swelling Behavior in C ~ H ~ ~ N  Amines.a Comparison of Primary, 
Secondary and Tertiary Isomers 

b 
Structure Q 'Ret 

CH3 (CH2) qCH2NH2 2.19 1.00 

(CH,cH, I 3N -- 1.5 1 0 5  

(CH3CH2CH2) 2NH 2.05 15.4 

a. Illinois No. 6 Coal (100 x 200 mesh), measured at 21.0°C 
b. Rate Retardation Factor: Vi(n-Hexylamine)/Vi(amine) 

Table VI. Swelling Behavior in Secondary C6H13N Aminesa Effect of 
Chain Branching. 

b Structure Q 'R-t 

(CH3CH2CH2) 2NH 2.05 1.00 

[(CH312C.] 2NH -- 1830 

a. Illinois No. 6 Coal (100 x 200 mesh), measured at 21.0°C 
b. Rate Retardation Factor: Vi (Di-n-Propylamine) /Vi (amine) 

The nature and divergency of these comparisons leave little doubt 
that steric factors play an important role in coal accessibility 
phenomena and can provide answers to a number of troublesome ques- 
tions. For example, the lack of coal solubility in solvents such as 
triethyl amine and hexamethyl phosphoramide (HMPA) , which (because of 
their "solubility parameters") should be good solvents ( 4 ) ,  is clearly 
consistent with steric inhibition of coal matrix penetration by these 
hindered solvents. 

Effect of Coal Rank on Solvent Swelling Behavior 

In a final series of experiments, the rank dependent solvent 
swelling behavior of coals in three isomers of primary butyl amine was 
investigated. While we found small differences in the equilibrium 
swelling ratios for various coallamine systems, we can detect no 
systematic relationship between rank and Q-values; and we have focused 
our attention on initial swelling rates. In order to correlate this 
data, we have defined two swelling parameters, 

8, = vn/vs and et = vn/vt 
where €3 and et represent the steric sensitivity of coal toward secon- 
dary and tertiary branching in the butylamine isomers, and Vn, V , and 
Vt,are the initial swelling rates of coal in n-butylamine, E-fSutyl- 
amine, and t-butylamine, respectively. These rate parameters, analo- 
gous equilibrium parameters, and carbon contents of the coals used in 
these studies are presented in Table VII. 
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T a b l e  V I I .  The E f f e c t  of Coal  Rank on Steric S e n s i t i v i t y .  

Coalatb C(%,  dmmfIc 0s et x l o 3  Q,/Q,~ 

A 72.2 1 8 . 8  -- 1.136 

B 72.2 17.3 60.8 1.120 

C 74.8 10.3 0.83 1.078 

D 80.4 4.5 0 .62  1.073 

E 8 2 . 4  1 0 . 8 9  4.7 1 .083  

F 84.9 19.16 -- 1.040 
~ 

a. 100-200 mesh, measured a t  21.OoC 
b .  A :  Hanna N o .  80; B: D ie t z  N o .  1 & 2 ;  C: Adav i l l e  No .  11; 

D:  I l l i n o i s  N o .  6 ;  E: West Kentucky N o .  9 ;  F:  P i t t s b u r g h  No. 8 
c. mm = 1.08 Ash + 0.55 S 
d .  Qn: Q-value i n  n-butylamine; Qs: Q-value i n  sec-butylamine 

W e  h a v e  p l o t t e d  8,  v e r s u s  c a r b o n  c o n t e n t  f o r  t h e  s i x  c o a l s  u s e d  
i n  t h i s  i n v e s t i g a t i o n .  There appea r s  t o  b e  some r e l a x a t i o n  of s ter ic  
r e q u i r e m e n t s  a r o u n d  80% c a r b o n  c o n t e n t .  W h i l e  i t  i s  t o o  e a r l y  t o  
s p e c u l a t e  a b o u t  t h e  u n d e r l y i n g  b a s i s  f o r  t h i s  b e h a v i o r ,  w e  b e l i e v e  
t h a t  it i s  r e l a t e d  t o  t h e  b a l a n c e  b e t w e e n  c o v a l e n t  a n d  n o n - c o v a l e n t  
(hydrogen bonded) c r o s s l i n k i n g  ( 4 ) .  I n v e s t i g a t i o n  of t h e s e  phenomena 
w i l l  be t h e  target  of f u t u r e  e f f o r t s .  
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Figure 1. Dependence of Swelling Sensitivity on Coal Rank. 
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